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Summary
Sensory plasticity related to reproductive state, hormonal
profiles, and experience is widespread among vertebrates,
including humans [1–5]. Improvements in audio-vocal
coupling that heighten the detection of conspecifics are
part of the reproductive strategy of many nonmammalian
vertebrates [6, 7]. Although seasonal changes in hearing
are known [7–11], molecular mechanisms determining this
form of adult sensory plasticity remain elusive. Among
both nonmammals [12] andmammals [13, 14], large-conduc-
tance, calcium-activated potassium (BK) channels underlie a
primary outward current having a predominant influence on
frequency tuning in auditory hair cells [12].We now report an
example from fish showing that increased BK channel
abundance can improve an individual’s ability to hear vocal-
izations during the breeding season. Pharmacological
manipulations targeting BK channels, together with mea-
sures of BK transcript abundance, can explain the seasonal
enhancement of auditory hair cell sensitivity to the fre-
quency content of calls. Plasticity in ion channel expression
is a simple, evolutionarily labile solution for sculpting sen-
sory bandwidth to maximize the detection of conspecific
signals during reproductive cycles.
Results and Discussion
Midshipman fish (Porichthys notatus) migrate annually from
deep waters in winter to the intertidal zone in summer, where
males nest under rocks and vocalize to attract females [15,
16]. Asmales and females transition between nonreproductive
and reproductive phenotypes, they display improved fre-
quency encoding by the hair cell epithelium of the saccule,
the division of the inner ear used for hearing in this and many
fish species (Figure 1A) [17, 18]. Both sexes exhibit decreases
in hair cell response thresholds of w10 dB during the repro-
ductive season [17, 18]. This plasticity occurs across the fre-
quency spectrum of vocalizations, but especially within upper
harmonics (Figure 1B) that transmit best in their shallow-water
breeding environment [15, 19]. The w10 dB shift would
improve the range of signal detection byw1 m, based on the
distance over which natural calls attenuate by a similar magni-
tude in their habitat of closely spaced nests [19].
Pharmacological Reduction of BK Currents Replicates
Natural Range of Seasonal Hair Cell Plasticity
Frequency tuning by hair cells in nonmammals depends on
electrical resonance, with increased large-conductance,2Present address: Department of Otolaryngology–Head and Neck Surgery,
Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
*Correspondence: ahb3@cornell.educalcium-activated potassium (BK) channel abundance driving
elevated resonant frequency [12]. Given the essential role of
BK currents in hair cell tuning [12], we hypothesized that
reducing BK channel availability could increase hair cell
response thresholds in fish exhibiting a reproductive auditory
phenotype, thus inducing a nonreproductive phenotype (Fig-
ure 1C). Evoked saccular potentials, a measure of auditory
hair cell resonance in fish [20], were recorded as previously
[17] from the saccule following iontophoretic injection of a
potassium channel antagonist or corresponding vehicle into
the saccule, or no injection (nonperturbed control). Each com-
pound was dissolved in an artificial endolymph solution based
on ionic composition of endolymph in a closely related toad-
fish, a species in the same family [21]. Antagonist concentra-
tions here and below reflect electrode concentrations and
not the substantively lower effective concentration following
diffusion into the saccular endolymph (see Supplemental
Experimental Procedures and Figures S1A–S1C available on-
line for discussion of injection methods and estimates of
maximum antagonist concentrations within the saccule based
on saccule volume determined with microcomputed tomogra-
phy [micro-CT] imaging and 3D reconstruction). Animals in
reproductive condition were collected during the summer
breeding season fromnest sites, whereas nonreproductive an-
imals were collected from offshore sites during nonbreeding
months (see Supplemental Experimental Procedures) [15,
17]. As in prior studies, multiple characters were used to
confirm reproductive state, including visual inspection of
gonad size and the enlarged, highly vascularized vocal swim
bladder muscle of nest-building males, a secondary sex char-
acteristic induced by elevated plasma androgen levels just
prior to and during reproductive months (see Supplemental
Experimental Procedures for measures) [15, 17].
We first confirmed that thresholds are potassium channel
dependent by making iontophoretic injections of the broad-
spectrum potassium channel antagonist tetraethylammonium
chloride (TEA, Sigma) into one saccule of reproductive males.
We usedmales for all neurophysiology experiments given their
greater year-round availability and the lack of sex-specific
patterns of seasonal shifts in frequency encoding by the
saccule [15, 17]. TEA transformed frequency encoding from
reproductive into nonreproductive phenotypes, with thresh-
olds increasing more with higher frequency for 1 M TEA (Fig-
ure 1D; main effect: p < 0.0001; frequency effect: p < 0.003)
(see Supplemental Experimental Procedures for all statistical
tests). Both 1 and 10 M TEA pipette concentrations produced
significant threshold increases (p < 0.0001) compared to
vehicle and no injection controls (Figure 1D); control groups
did not differ (p = 0.95). 10 M TEA had a significantly greater
effect than 1 M TEA (p = 0.0072). TEA-dependent shifts were
reversible, with thresholds returning to levels comparable to
noninjection controls (i.e., the reproductive phenotype) in
approximately 1 hr (Figure S1D).
Once a general potassium channel mechanism was estab-
lished with TEA, we selectively blocked BK channels via ionto-
phoresis of the BK-specific antagonist iberiotoxin (IbTx,
Tocris; Figure 1E) [22]. Like TEA, IbTx increased thresholds
in a frequency-dependent manner (main effect: p < 0.0001,
EFrequency (Hz)
65 105 145 185 225 265 305 345 385
110
120
130
140
150
Nonreproductive (n=30)
500uM IbTx (n=4)
Reproductive (n=54)
110
120
130
140
150
Nonreproductive (n=30)
1M TEA (n=6)
Reproductive (n=54)
A
Th
re
sh
ol
d 
(d
B 
re
 1µ
Pa
)
110
120
130
140
150
10M TEA (n=2)
1M TEA (n=6)
Vehicle (n=5)
D
Frequency (Hz)
Th
re
sh
ol
d 
(d
B 
re
 1µ
Pa
)
65 105 145 185 225 265 305 345 385
110
120
130
140
150
500µM IbTx (n=4)
100µM IbTx (n=4)
10µM IbTx (n=7)
Vehicle (n=4)
No Injection (n=7)
G
H
F
≤1
45
H
z
>
14
5H
z
≤1
45
H
z
>
14
5H
z
≤1
45
H
z
>
14
5H
z
≤1
45
H
z
>
14
5H
z
≤1
45
H
z
>
14
5H
z
1M
 TE
A
10µ
M I
bT
x
100
µM
 
IbT
x 500
µM
 
IbT
x
Se
aso
nal
Ch
an
ge
 in
 T
hr
es
ho
ld
(d
B 
re
 1µ
Pa
)
5
10
15
20
**
*
*
**
OB
ACTel
Cer
Hind
VIII
epithelium
otolith
HC
Mid
500
400
300
200
100
-100
-50
0
50
100
10
8
6
4
2
0
R
elative am
plitude
R
el
at
iv
e 
Am
pl
itu
de
Fr
eq
ue
nc
y 
(H
z)
Time (s) 0.250.125
B
C Reproductive Nonreproductive
µV
5 msec
evoked hair cell responses
nucleus
BK channel
stereocilia
kinocilium
No Injection (n=7)
Figure 1. Frequency Encoding by Peripheral Auditory System
(A) Dorsal view of brain and inner ear. AC, anterior semicircular canal ampulla; Cer, cerebellum; HC, horizontal canal ampulla; Hind, hindbrain; Mid, midbrain;
Tel, telencephalon; VIII, eighth cranial nerve. Portions of semicircular canals were removed to better visualize auditory division of the inner ear, the saccule,
and its hair cell epithelium (dotted circle). Scale bar represents 1.5 mm.
(B) Spectrogram (top) and waveform (bottom) of a representative midshipman advertisement vocalization (‘‘hum’’) with energy concentrated at the
fundamental (w100 Hz) and first two upper harmonics (w200–300 Hz). See Movie S1 for video and audio of a ‘‘humming’’ male in an artificial nest.
(C) Schematic summarizing proposed role of slo1 and BK abundance in seasonal auditory plasticity (see also [12]). Increased expression leads to robust
encoding of higher frequencies in upper harmonics of advertisement calls.
(D–H) Potassium channels, BK, and auditory hair cell thresholds.
(D) TEA significantly increased auditory thresholds in males compared to controls. Because both sexes exhibit similar plasticity [17], we used the more
available males (also in E–H) [15].
(legend continued on next page)
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680frequency effect: p < 0.0001) at 100 mM (p = 0.0005) and 500 mM
(p = 0.0003), but not 10 mM (p = 0.13), pipette concentration
compared to vehicle and noninjected controls; control groups
did not differ (p = 0.98). IbTx effects were similar at 100 mM
and 500 mM (Figure 1E; p = 0.99), and neither was different
from 1 M TEA (p = 0.17 and 0.12, respectively). These experi-
ments showed that a BK-specific blocker closely mimics the
natural seasonal transformation in frequency encoding
(Figures 1F–1H).
BKChannel Antagonists Replicate FrequencyDependence
of Seasonal Hair Cell Plasticity
Seasonal hair cell plasticity in midshipman is frequency
dependent, with threshold differences greatest at frequencies
above 145 Hz (Figure 1F), overlapping the upper harmonics of
male calls (Figure 1B) [17]. BK channel antagonists produced
similar frequency-dependent effects in reproductive individ-
uals (Figures S1E and S1F). As with reproductive-to-nonrepro-
ductive transformations, 1 M TEA (p < 0.0001), 100 mM IbTx
(p = 0.0002), and 500 mM IbTx (p = 0.006) pipette concentra-
tions produced threshold shifts compared to vehicle controls
that were greater at frequencies above 145 Hz (Figures 1D–
1F). Both 1 M TEA (Figure 1G) and 500 mM IbTx (Figure 1H)
produced shifts significantly different from reproductive
(TEA, p = 0.0002; IbTx, p < 0.05), but not from nonreproductive
(TEA, p = 0.56; IbTx, p = 0.27), phenotypes. These findings
further demonstrated that selective blocking of BK channels
mimics seasonal transformations in frequency encoding by
auditory hair cells.
High, 10 M pipette doses of the broad-spectrum K channel
antagonist TEA were able to induce changes in threshold
beyond the natural range of plasticity (Figure 1D). Threshold
shifts were larger at frequencies below 145 Hz, compared to
those above 145 Hz (Figure S1E). This pattern was the reverse
of the threshold-frequency relationship observed for the
natural seasonal variation and IbTx’s effects (Figure S1F). The
results suggest thatwhereasBKchannels contribute to thresh-
olds across the natural range of plasticity, other TEA-sensitive
K channels [23] contribute to sculpting hair cell thresholds [12]
but do not contribute substantially to seasonal variation.
Duplicate BK Channel Transcripts Are Upregulated in Hair
Cells When Thresholds Are Lowest
Given that fluctuations in hair cell thresholds could be largely
accounted for by levels of BK activity, we hypothesized that
BK abundance would exhibit seasonal variation. The highly
conserved pore-forming a subunits of BK channels are en-
coded by duplicate slo1 genes in midshipman and other fishes
[24]. BK expression, revealed by an antibody raised to a
conserved region encoded by slo1a and slo1b (Figures S2A
and S2B), was robust in hair cells and weak, if not entirely
absent, in nearby ganglion cells (Figure 2A). Thus, as
described below, measures of slo1a and slo1b transcript
abundance in RNA isolated from whole saccules largely, if
not entirely, represent transcript abundance contributed by(E) 100 and 500 mM IbTx significantly increased thresholds compared to contr
(F) Seasonal and pharmacologically induced changes in thresholds were greate
in its effect at frequencies above or below 145 Hz. Seasonal data are from [17
(G and H) Both TEA (G) and IbTx (H) iontophoresis into the saccule of reprod
pulated reproductive animals, but not different from nonreproductive anima
females from [17].
In (D), (E), (G), and (H), data are plotted asmean threshold6 95% confidence int
of saccule volume and frequency dependence of toxin effects.hair cells. BK immunoreactivity was concentrated at apical
neck and basal surfaces (small arrows, Figure 2A insert), which
contrasts with frogs [26] and birds [27] that show BK channels
expressed in an apical (low) to basal (high) gradient. Pread-
sorption controls showed no immunolabeling of hair cells
(Figures S2C–S2E), indicating that the pattern of BK immuno-
reactivity is specific. Future paired patch recordings of focal
membrane currents [26] may clarify subcellular distribution
of BK channels within midshipman hair cells.
Quantitative real-time polymerase chain reaction (qPCR)
showed that both slo1a (p = 0.017) and slo1b (p = 0.0008)
mRNA transcript expression were significantly upregulated
in the saccule of reproductive relative to nonreproductive
males (Figure 2B). These qPCR results are of a magnitude
similar to the reproductive state-dependent difference in
transcript abundance previously observed in a pilot study of
females [28]. Hence, slo1 abundance is predictive of the sea-
sonal phenotype of hair cell physiology (Figure 1C). Although
we did not quantify BK protein levels, BK a subunit transcript
levels are correlated with protein expression in chick cochlear
hair cells [29]. BK abundance could influence apoptosis-
dependent events [30], thereby modifying hair cell abundance
that varies seasonally in the midshipman saccule [31].
Although increased hair cell number could contribute to
increased slo1 abundance, the magnitude of seasonal varia-
tion in slo1 transcript levels (Figure 2B) far exceeds that of
saccular hair cell density [31]. As we show below, slo1
transcript levels alone can account for individual patterns of
auditory tuning.
BK slo1a and slo1b Abundance Varies with Hair Cell
Thresholds between Individuals
To establish that BK transcript abundance can account for
individual physiological phenotypes, we investigated slo1
expression in fish from which auditory threshold tuning curves
were previously reported [17] (see Supplemental Experimental
Procedures for detailed explanation of statistical analyses).
Only females were used here due to the greater availability of
females for these experiments. The use of females in this sub-
set of experiments, as of males for neurophysiology (see
earlier comment), should not impact our results because sea-
sonal differences in both physiology [17] and gene expression
(see above) are not sexually dimorphic. Figure 3 shows each
threshold tuning curve color coded according to ordinal
ranking of slo1a and slo1b normalized transcript expression
levels across all individuals. Although normalized slo1 levels
were used for statistical analyses, expression levels were
ranked to more clearly illustrate the results. In some cases,
more than one tuning curve was collected from an individual
and all curves are presented. The slo1a and slo1b transcript
levels did not correlate with one another (p = 0.79). Both
slo1a (p = 0.01) and slo1b (p = 0.03) accounted for significant
variability in thresholds among nonreproductive animals; hair
cell epithelia with the highest slo1a (Figure 3A) and slo1b (Fig-
ure 3B) transcript abundances generally had the lowestols.
st at frequencies above 145Hz. Only 10 mM IbTx had no significant difference
]. *p < 0.01, **p < 0.0001.
uctive males shifted thresholds to be significantly different from nonmani-
ls. Data for reproductive and nonreproductive animals include males and
ervals. See Figure S1 for further information onmicro-CT 3D reconstructions
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Figure 2. BK Potassium Channel Expression in Saccule
(A) BK immunoreactivity in saccular hair cells, but not adjacent ganglion
cells. Apical surface is at top. Controls (not shown) included no primary anti-
body and primary antibody preadsorption. Inset: photographic exposure
was adjusted so the no primary controls produced no visual signal. BK
immunoreactivity was still concentrated at the apical neck and basal (small
arrows) surfaces near nerve fibers (nf) but lacked dense label near the very
apical end, indicative of cuticular plate staining artifact in the main image.
Scale bar represents 50 mm for main image and 12.5 mm for inset. Depth
of basal surface varies with hair cell length along the epithelium [25]. See
Figure S2 for further information on BK antibody.
(B) Normalized mRNA levels significantly upregulated for slo1a (n = 4)
and slo1b (n = 5) in reproductive animals compared to nonreproductives
(n = 5). *p < 0.05, **p < 0.0001. Data are plotted as mean normalized expres-
sion level 6 SEM.
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Figure 3. BK Potassium Channel Expression Varies with Hair Cell
Thresholds
slo1a (A) and slo1b (B) expression levels were ordinally ranked across all in-
dividuals, including 6 nonreproductive (circles) and 11 reproductive
(squares) animals. Ranked expression levels were then assigned to a color
map, with the lowest expression level (#1) shown as blue, up to the highest
expression level (#17) shown as red. Although normalized expression levels
were used for statistical analyses, the ranked color map was chosen to
better illustrate the results in a four-dimensional data space. One or more
sets of thresholds were recorded per individual (example: left and right
saccule, caudal and rostral positions along the same saccule): 14 nonrepro-
ductive and 23 reproductive (shaded background) animals. Adjacent
recordings with similar-length tick marks come from the same animal;
adjacent recordings in which the tick marks differ in length come from
two different animals. Only females were used here due to greater sample
size of epithelia; physiology data for these fish are from [17].
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681thresholds. In contrast, only slo1b abundance (p = 0.02)
accounted for threshold variability among reproductive indi-
viduals (slo1a, p = 0.37). Accounting for seasonal identity,
the expression level of slo1b (p = 0.03), but not slo1a (p =
0.32), maintained a significant relationship to threshold,
implying an enhanced role for slo1b in determining individual
auditory hair cell threshold.
These results, together with our study showing tissue-
specific expression and alternative splicing [24], support sub-
functionalization as a mechanism favoring the evolution and
retention of slo1 co-orthologs. Unlike different muscle types
that present a clear case of tissue-specific subfunctionaliza-
tion via loss of either slo1a or slo1b expression [24], thesubfunctionalization of slo1 genes in saccular epithelium is re-
vealed in divergent coupling to seasonal changes in hair cell
physiology rather than in the pattern of expression. This sug-
gests that even within tissues in which both slo1 genes are
expressed, these genes can undergo differential regulation.
Further experiments will be needed to determine whether
differences in slo1a and slo1b coding regions produce chan-
nels with functionally distinct properties such as gating ki-
netics and calcium and voltage sensitivity, as observed for
different slo1 splice variants in tetrapods [12]. These and
related mechanisms in turn may be sensitive to hormonal
influences that have been linked to changes in auditory fre-
quency sensitivity in nonmammals and humans [32–35].
BK channel expression is onemechanism that could explain
shifts in frequency-dependent hair cell sensitivity, whether
Current Biology Vol 23 No 8
682tuning is dependent on electrical resonance, as in fish and
other nonmammals, or onmechanical adaptations, as inmam-
mals [12], where BK currents are still a primary outward current
in many inner [13, 36, 37] and outer [14, 38] hair cells. BK
currents underlie both the alternating- and direct-current
components of hair cell membrane potentials [39]. Thus, a sin-
gle cell type can encode both fine (frequency) and gross (dura-
tion) temporal structure of acoustic signals. In nonmammals,
increased BK expression correlates with higher electrical
resonant frequency [12] and larger amplitude BK currents
[40] (Figure 1C). In our experiments, pharmacologically
reducing BK currents had the greatest effects at higher
frequencies where hair cells expressing more BK channels
would be more susceptible to antagonist effects. Within the
range of frequencies studied, BK channels are a primary
source of large-amplitude, rapid outward current in fishes
and other vertebrates, including mammals [12–14, 41]. Varia-
tion in BK channel abundance may thus be a common
mechanism for regulating high-frequency auditory encoding
across vertebrate taxa.
Reproductive imperatives rely on mechanisms enabling the
successful performance of mating and related behaviors,
including those dependent on acoustic communication [1–3,
6, 7, 42–44]. Here, we show that changes in the abundance
of a single family of potassium channels can regulate auditory
receptor sensitivity that enhances frequency encoding of
vocalizations by the peripheral auditory system during the
breeding season. Though our studies focused on BK channels
as a central node of hair cell intrinsic properties, our results do
not exclude complementary changes in other determinants of
hair cell resonance such as BK channel b subunits and calcium
and other potassium channels [12]. Plasticity in frequency
encoding by hair cells over the time span of seasonal shifts
investigated here, as well as over longer evolutionary time-
scales for species isolation and sexual selection [6, 44], may
depend on the same deeply conserved molecular mecha-
nisms. Ion channels may thus be selected as evolutionarily
dissociable units sculpting mechanisms of stimulus filtering
that bias the detection and encoding of behaviorally relevant
stimuli.
Experimental Procedures
For more details, please see Supplemental Experimental Procedures.
Animals
Midshipman fish have two male morphs. Type I males build nests and
acoustically court females; type II males only ‘‘sneak spawn’’ [16]. Because
comparable seasonal auditory hair cell plasticity has been demonstrated in
type I males and females [17], both type I males and females were used
throughout this study based on availability. Type I males were used in the
physiology and qPCR studies presented in Figures 1 and 2. Saccular
epithelia for comparison of slo1 expression with saccular physiology (see
Figure 3) were taken from 17 females used in a previous physiological study
[17]. The Institutional Animal Care and Use Committee at Cornell University
approved all methods.
Immunohistochemistry
A midshipman-specific BK channel antibody was generated. Peptide
synthesis and rabbit polyclonal antibody production were performed by
Pocono Rabbit Farm and Laboratory (Canadensis, PA, USA). Fluorescent
immunohistochemistry was performed on sectioned saccular epithelia im-
mersion fixed in 4% paraformaldehyde.
Real-Time PCR
Methods were adapted from those previously used in our laboratory [45].
Relative absolute (standard curve method) qPCR was conducted oncDNA derived from saccule RNA using gene-specific primer pairs using
an Applied Biosystems Viia7 real-time PCR system. Primers were made
by Integrated DNA Technologies and designed using their web-based
primer design tools.
Statistical Analyses
All statistical analyses were performed using JMP 9 Pro (SAS Institute).
Physiology data were analyzed as described previously [17]. An analysis
of covariance (ANCOVA) was used to compare frequency dependence
of threshold changes occurring both naturally and by different pharma-
cologic manipulations. qPCR data were analyzed with an ANOVA as
described previously [45]. See Supplemental Experimental Procedures for
a detailed explanation of statistical analyses conducted for each set of
experiments.
Supplemental Information
Supplemental Information includes two figures, one movie, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.03.014.
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